Introduction
The endoplasmic reticulum (ER) provides an optimal environment for protein synthesis, folding, modification and assembly. This organelle has a unique system known as unfolded protein response (UPR), ensuring maintenance of the protein folding capacity (Kaufman, 2002; Ron, 2002) . The UPR is activated in response to accumulation of unfolded proteins due to ER dysfunction, to ameliorate the ER environment and cellular conditions. Recent studies have extended the UPR roles from regulation of protein folding efficiency and maintenance of ER functions to manipulation of cellular homeostasis and biological functions such as cell development, differentiation, glycogenesis and lipid metabolism (Lee et al., 2008; Mao et al., 2011; Reimold et al., 2001; Vecchi et al., 2009; Wu and Kaufman, 2006; Zhang et al., 2006) .
Neurons have a highly developed ER in their neurites (Broadwell and Cataldo, 1983; Tsukita and Ishikawa, 1976) . The extensive ER network in neurons presages that ER-specific competencies regulating local protein synthesis and sorting, lipogenesis, and calcium ion (Ca 2+ ) storage and proper release may deal with essential neuronal activities, maintenances and physiological functions. Here, we discuss the state of the diverse abilities and prospects of the UPR derived from the neuronal ER network in axons and dendrites, and how UPR signaling is engaged in the neuronal activities. We also mention how aberrations of neuronal homeostasis triggered by UPR dysfunctions lead to the pathogenesis of various neurodegenerative diseases.
Key players in the UPR
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The ER is a central organelle responsible for Ca 2+ storage, lipid metabolism, protein synthesis and post-translational modifications of abundant secretory and membrane proteins. This organelle has a single and continuous membrane, and can be divided into the nuclear envelope, the ribosome-enriched rough ER and the smooth ER. Multiple cellular malfunctions such as disturbance of Ca 2+ homeostasis in the ER lumen and expression of mutated proteins cause the accumulation of unfolded proteins in the ER lumen, resulting in the perturbation of ER functions. These abnormalities are known as ER stress (Kaufman, 2002; Ron, 2002; Rutkowski and Kaufman, 2004) . Under ER stress, cells transduce signals dealing with unfolded proteins to induce chaperone activity, attenuation of protein translation, and degradation of unfolded proteins, referred to as the UPR ( Fig. 1 ) (Kaufman, 2002; Ron, 2002; Ron and Walter, 2007) .
The three major canonical branches of the UPR are the inositol-requiring kinase 1 (IRE1) (Tirasophon et al., 1998) , protein kinase R-like ER kinase (PERK) (Harding et al., 1999) , and activating transcription factor 6 (ATF6) (Yoshida et al., 2000) pathways.
These ER stress transducers localized at the ER membrane activate UPR signaling in response to ER stress. IRE1 has RNase activity that is preceded by its oligomerization and trans-autophosphorylation (Tirasophon et al., 1998) . Activated IRE1 then processes a 26-nucleotide intron of x-box binding protein 1 (Xbp1u) mRNA (unspliced Xbp1) to produce the mature Xbp1s mRNA (spliced Xbp1) (Calfon et al., 2002; Yoshida et al., 2003; Yoshida et al., 2001) , generating the transcription factor XBP1s. XBP1s induces the expression of target genes including molecular chaperones and ER-associated degradation (ERAD)-related genes (Yoshida et al., 2003) . PERK also oligomerizes and autophosphorylates in response to ER stress. The phosphorylated PERK directly phosphorylates the α subunit of eukaryotic initiation factor 2 (eIF2α), which inhibits the M A N U S C R I P T
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5 assembly of the 80S ribosome and represses global protein synthesis (Harding et al., 2000; Harding et al., 1999; Shi et al., 1998) . In contrast to most proteins, ATF4 escapes translational attenuation by eIF2α phosphorylation because ATF4 has open reading frames (ORFs) in its 5′-untranslated region. These upstream ORFs prevent translation of true ATF4 under normal conditions. The phosphorylation of eIF2α bypasses the pseudo ORFs and enhances the preferential translation of the true ATF4 (Harding et al., 2000; Vattem and Wek, 2004) . This transcription factor promotes the expression of several genes involved in amino acid metabolism and the resistance to oxidative stress (Barbosa-Tessmann et al., 2000; Harding et al., 2000; Roybal et al., 2005) . Additionally, ATF4 in turn drives the transcription of the transcription factor, CCAAT enhancer binding protein homologous protein (CHOP) (Harding et al., 2003; Ma et al., 2002; Wang et al., 1996) . Continued expression of CHOP can induce cell death (Marciniak et al., 2004) . ATF6 moves from the ER to the Golgi apparatus under ER stress conditions, and is subsequently processed by site-1 and site-2 proteases (Chen et al., 2002; Ye et al., 2000) . The cleaved N-terminal fragments containing a basic leucine zipper domain translocate into the nucleus to act as a transcription factor. The ATF6 N-terminus is involved in the expression of ER molecular chaperones such as binding immunoglobulin protein (BiP) (Yamamoto et al., 2007; Yoshida et al., 2000) . Prolonged or excessive ER stress leads to apoptosis via UPR signaling (Kaufman, 2002; Ron, 2002) . Thus, the cell fate after ER stress is determined by the balance of cell survival and death signals regulated by the UPR. Interestingly, recent studies have uncovered novel UPR functions involved not only in dealing with unfolded proteins, but also in regulating beneficial outcomes including manipulations of biological functions and cellular homeostasis . In neurons, the well-developed ER M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 networks are highly dynamic, showing constant remodeling and the intricate extension from cell soma to the distal segments of neurites (Broadwell and Cataldo, 1983; Tsukita and Ishikawa, 1976 ). The extremely elongated neuronal ER network and ER-derived signaling including the UPR have the potential to orchestrate the overall neuronal homeostasis through regulation of local events contributing to neurite capabilities. The perturbation of these signals can lead to neuronal dysfunctions, resulting in the development of neurodegenerative diseases.
Axonal regeneration and degeneration regulated by the UPR
Morphological observation of neurites has demonstrated that the rough ER is in the cell body, dendrites and proximal axon, and the distal axon is filled with smooth ER (Broadwell and Cataldo, 1983; Tsukita and Ishikawa, 1976) . In peripheral neurons, mechanical injury and crush of distal axons promote the propagation of the Ca 2+ oscillation. The propagated Ca 2+ wave in response to the injury rapidly changes the environment of the distal axons, followed by initiating injury-responsive signals (George et al., 1995) . For example, the acute alternation of Ca 2+ concentration in cytoplasm and ER at the injury site elicits axonal degeneration via reactive oxidative species production and mitochondrial dysfunction (Villegas et al., 2014) . Conversely, the retrograde propagation towards the cell body correlates with regenerative responses (Ghosh-Roy et al., 2010; Sun et al., 2014) . In sensory neurons, at least one of the underlying factors of the Ca 2+ wave induced by axonal injury is Ca 2+ release from the axonal ER internal store through the ER-localized Ca 2+ channels, Ryanodine and inositol trisphosphate (IP 3 ) receptors (Sun et al., 2014; Villegas et al., 2014) . Ca release from the ER, followed by its depletion in the ER lumen can induce ER stress.
Indeed, several studies have demonstrated injury-induced UPR signaling, and the association between the key UPR factors and neuronal death and survival after axonal injury (Fig. 2) . The locomotor recovery is reduced in Atf4 or Xbp1-deficient mice after spinal cord injury (Valenzuela et al., 2012) . The aberrant expression of these transcription factors leads to enhanced axonal degeneration, altered recruitment of oligodendrocytes surrounding the injury zone, decreased microglial activation and downregulation of pro-inflammatory cytokines after the injury. Other studies have shown the involvement of CHOP and XBP1 in the survival of retinal ganglion cells after optic nerve crush (Hu et al., 2012) . Following the injury, the cell survival rate XBP1 also contributes to promoting axonal regeneration in a mammalian model. In a mouse model of sciatic nerve injury, XBP1 promotes locomotor recovery and increases axonal regeneration by enhancing macrophage infiltration and myelin removal in injured nerves (Onate et al., 2016) . In addition to the canonical ER stress transducers and the downstream molecules, other ER stress-induced molecules have the potential to modulate axonal regeneration. A proteomic screen has revealed that Endoplasmic reticulum protein 29 (Erp29) is temporarily downregulated after spinal cord transection, followed by a gradual recovery to the normal levels (Liu et al., 2014) . This molecule is an ER stress-inducible protein localized in the ER lumen, and has chaperone functions (Baryshev et al., 2006; Hubbard et al., 2000) . The expression of Erp29 results in the acceleration of neurite regeneration after axonal injury via the activation of the extracellular signal-regulated kinase (ERK) cascade and downregulation of Caspase-3 (Liu et al., 2014) . Further research will uncover the detailed mechanisms that elicit regeneration by Erp29, and may discover further UPR components responsible for axonal regeneration. Collectively, the UPR signaling pathway in axons orchestrates diverse integral pathways to regulate axonal regeneration as well as neuronal death and survival. However, the downstream mechanisms activated by the UPR to fine-tune axonal homeostasis are not completely understood. Recent studies implicate the downstream events for the regeneration regulated by UPR components. The ER-transmembrane protein, Luman, can act as an ER stress transducer (Liang et al., 2006; Lu et al., 1997) , and is expressed in the axon of dorsal root ganglion (DRG) neurons. This molecule is cleaved like ATF6 in response to axonal injury. The cleaved
N-terminus, which acts as a transcription factor, is retrogradely transported from the injured axons to the nucleus via binding to importin α (Ying et al., 2014; Ying et al., 2015) . Vance et al., 1994) . As the axonal ER is entirely composed of smooth ER, responsible for the biogenesis of lipids inserted in the membrane phospholipids, the active lipid biosynthesis in axons is easily inferred.
Suppression of phospholipid synthesis in axons impairs axonal extension (Posse de
Chaves et al., 1995) . Thus, the synthesis of membrane phospholipids and cholesterol is essential for effective axonal outgrowth. Injury-induced axonal UPR signaling may connect lipogenesis and axonal regeneration by a definitive molecular system. Further studies will uncover the precise mechanisms by which the UPR coordinates the signaling underlying the axonal machinery, and how it can have both beneficial and detrimental effects on axonal functions.
Diverse roles of the UPR in dendrites
The dendritic ER consists of a continuous network of thin tubules, flat widened regions and abundant branching points (Spacek and Harris, 1997) . The dendrites contain the ribosome-enriched rough ER, responsible for protein synthesis. To maintain the system of protein quality control for serving the capacity of local protein synthesis at the rough ER, the dendritic segments equip the program for the UPR. The localization M A N U S C R I P T
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10 of GFP-tagged canonical ER stress transducers are observed in distal dendrites of mouse hippocampal neurons (Murakami et al., 2007) . Additionally, treatment with ER stress inducers activates the UPR signaling in the distant location of the dendrites, indicating that dendritic ER can respond to ER stress and retain the capacity of protein quality control (Murakami et al., 2007) . In terms of the physiological responses, dendritic UPR provides the appropriate modifications of dendritic activities such as morphogenesis and synaptic functions (Fig. 2) . In Caenorhabditis elegans, the loss of function mutations of Ire1, wy762 and wy782 causes deficiency in dendritic branches of PVD sensory neurons (Wei et al., 2015) . In this case, the folding capacity in the PVD neurons correlates with dendritic branching. The single transmembrane leucine-rich repeat protein, DMA-1, known as the regulator of dendritic branching and stabilization (Liu and Shen, 2011) , is failed to be appropriately folded and processed in both alleles, resulting in uncontrolled dendritic morphogenesis. This phenotype is rescued by overexpression of the ER chaperone heat shock protein 4 (a homolog of mammalian BiP). Interestingly, the Ire1 mutants exhibit compromised dendritic morphogenesis, but those of axons are not affected (Wei et al., 2015) . Similar abnormalities are observed in the perturbation of the secretory pathway (Ye et al., 2007) . These studies may indicate a UPR-mediated specific molecular program that regulates the synthesis and delivery of membrane and secretory proteins for dendritic morphogenesis and development.
Besides IRE1, the IRE1 downstream molecule, XBP1, has critical roles in the regulation of dendritic activities through neurotrophic factors. Xbp1 mRNA is highly expressed during neuronal development, and the protein is distributed throughout the neurites (Hayashi et al., 2007 ). An isolated neurite culture system and time-lapse imaging show novel roles of brain-derived neurotrophic factor (BDNF) in accelerating the splicing of M A N U S C R I P T
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Xbp1 mRNA and the subsequent translocation of the XBP1 protein into the nucleus (Hayashi et al., 2007) . XBP1 deficiency in hippocampal neurons results in the attenuation of neurite outgrowth. Surprisingly, gene expression analysis reveals that XBP1 directly regulates the expression of BDNF in hippocampal neurons , indicating that the XBP1-BDNF pathway constructs a positive feedback loop to synergistically induce XBP1 activity. Mice lacking Xbp1 in the nervous system show impaired contextual memory formation and long-term potentiation (LTP), consistent with the roles of BDNF as a key component in memory consolidation (Lu et al., 2014; Park and Poo, 2013) . Overexpression of BDNF in the hippocampus improves the Xbp1-deficient phenotype . Stimulation of BDNF promotes the splicing of Xbp1 mRNA, but not the induction of other UPR components . These previous data raise the question of how does the signaling derived from BDNF stimulation enhance the splicing of Xbp1 mRNA? Behavioral or electrical stimuli may directly control IRE1 activation. Other unknown pathways mediated by several molecules may connect between BDNF stimulation and Xbp1 splicing. The ER stress transducer, PERK, phosphorylates eIF2α to suppress protein translation. This system can modulate synaptic functions. PERK-induced eIF2α phosphorylation regulates metabotropic glutamate receptor (mGluR)-dependent long-term depression (LTD), but not LTP in the hippocampal CA1 area (Trinh et al., 2014) . LTP stimulation decreases eIF2α phosphorylation, which is associated with early and late LTP. eIF2α phosphorylation via PERK may divergently control synaptic plasticity including LTP and LTD through regulation of protein synthesis. Consequently, the diverse signaling mediated by UPR components manipulates dendritic functions and synaptic activities.
However, some questions remain. How is the UPR signaling induced in response to M A N U S C R I P T
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various dendritic and synaptic activities? Altered Ca 2+ homeostasis in the ER lumen can lead to ER stress, followed by induction of UPR signaling. The input of the excitatory synaptic activity via mGluR can promote Ca 2+ release from the ER (Okubo et al., 2015) .
The depletion of Ca 2+ in the ER lumen caused by the excitatory synaptic activity may trigger the upregulation of the UPR. The exponential protein synthesis of membrane proteins for dendritic extension and branching is another potent event. Abundant protein synthesis increases the burden on the ER capacity, resulting in the induction of ER stress. Further studies are necessary to elucidate the complicated UPR signaling pathways for manipulating dendritic functions.
ER dysfunction, UPR signaling and neurodegenerative diseases
Because most neurodegenerative disorders can be arguably characterized by defective protein folding and accumulation of aggregated misfolded proteins, UPR dysfunctions may have a critical part in the pathogenesis of neurodegenerative diseases.
Indeed, the dysfunctions of several UPR components are known to trigger the development of various neurodegenerative diseases (Table 1) (Inoue et al., 1998; Riggs et al., 2005; Strom et al., 1998) . We summarize the relevance between UPR components and the other neurodegenerative diseases in the following.
5-1. Alzheimer's disease
AD is the most common cause of dementia, and is defined by Aβ extracellular plaques and intracellular fibrils of hyperphosphorylated tau. Although many studies have suggested that ER stress may be relevant for understanding AD, the molecular pathology of the disease is not fully understood. However, the expression of UPR-related genes has the potential to be utilized as a marker of AD. As mentioned before, Aβ treatment promotes axonal expression of ATF4 and its retrograde transportation, eventually enhancing neurodegeneration via CHOP induction in both cultured cells and the hippocampus (Baleriola et al., 2014; Song et al., 2008) . The UPR downstream molecule, protein disulfide isomerase, is upregulated in the temporal lobes of AD brains (Lee et al., 2010) . Moreover, PERK and eIF2α are phosphorylated in the hippocampus of patients with AD, and the phosphorylated PERK is colocalized with the phosphorylated tau (Hoozemans et al., 2009 ). Xbp1s mRNA is increased in the temporal cortex of patients with AD (Lee et al., 2010) . Phosphorylated IRE1 is also detected in the hippocampus of patients with AD (Hoozemans et al., 2009 ). However, using only one of the UPR components as a marker for diagnosing AD may result in confusing findings. For example, BiP expression can show downregulation (Katayama et al., 1999) , upregulation (Kaneko et al., 2010) , or no significant differences (Lee et al., 2010) . BiP expression likely changes according to the pathological stage. This is a M A N U S C R I P T
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14 common phenomenon in chronic disorders with changing histological features such as AD. Thus, the expression of only one molecule is inadequate for assessing UPR activation, especially, in chronic disorders in which histological features change with time.
5-2. Parkinson's disease
Parkinson's disease (PD) is characterized by hypokinesia, rigidity and tremor.
Histopathological analysis exhibits Lewy body inclusions including the aggregated α-synuclein in many affected brains, suggesting that the disturbance of protein quality control and/or aberrant protein disposal may be one of the underlying factors of the pathogenesis. Actually, previous studies have shown the involvement in ER dysfunction and the induction of ER stress in the pathogenesis of PD. The brains of patients with PD
show enhanced phosphorylation levels of PERK and eIF2α (Hoozemans et al., 2007) .
Classic genetic mapping identified the disease-associated gene, Parkin, which is a ubiquitin ligase (Kitada et al., 1998; Shimura et al., 2000) . Parkin localizes in the ER, and is induced by the UPR (Bouman et al., 2011) . The ER-localized α-synuclein is ubiquitinated by Parkin. Parkin deficiency leads to accumulation of α-synuclein in the brain (Shimura et al., 2001) . Overexpression and accumulation of α-synuclein in the ER of a mouse PD model triggers UPR activation (Colla et al., 2012; Smith et al., 2005) ,
indicating that the UPR components may be potent candidates as diagnostic markers of PD, like AD. Additionally, Parkin is involved in the clearance of mitochondria by regulating mitophagy (Narendra et al., 2008) . The impaired mitochondrial function in patients with Parkin-mutated PD may accelerate the ER dysfunctions including ER M A N U S C R I P T
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15 stress because of the defects in energy supply for maintaining the protein folding in the ER.
5-3. Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) displays a progressive loss of motor neurons, leading to an irreversible decline in muscle power. One of the genes responsible for ALS is superoxide dismutase 1 (SOD1). The mutated SOD1 accumulates as fibrils, known as the histological hallmark of familial ALS. SOD1 is colocalized with ER markers, and the SOD1 mutant accumulates in the ER, resulting in the induction of UPR signaling (Kieran et al., 2007; Kikuchi et al., 2006; Urushitani et al., 2006) . In mice with one Perk allele deleted, the expression of a mutant form of SOD1 accelerates the onset of the disease . 
5-4. Huntington's disease
Huntington's disease is an inherited autosomal dominant disorder characterized by motor dysfunction and psychiatric disorders. The Huntingtin (Htt) gene contains 6-35 CAG repeats, whereas patients with Huntington's disease have more than 40, leading to preferential aggregation of the protein. Although HTT aggregation is observed in the cytoplasm, the abnormalities can provoke ER stress (Carnemolla et al., 2009) . The propagation of the disrupted protein folding to another organelle, referred to as one of the systems for proteostasis, may be relevant to Huntington's disease in which cytoplasmic aggregates trigger the UPR (Lajoie and Snapp, 2011 ). The precise mechanisms linking the aggregation in the cytoplasm with ER dysfunctions is not fully explored. However, accumulated HTT in the cytoplasm can bind to components of the ERAD machinery, which is downstream of the UPR (Duennwald and Lindquist, 2008) .
HTT binds to ubiquitin ligase HRD1, a component of the ERAD system (Bennett et al., 2007; Duennwald and Lindquist, 2008) . The binding of HTT to HRD1 may reduce the capacity to deal with misfolded proteins by ERAD, thereby enhancing vulnerability to ER stress.
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5-5. Prion disease
The link between ER dysfunction and the pathogenesis of prion disease remains unclear compared with other neurodegenerative diseases. Although ER stress pathways are activated in a cellular model of the Creutzfeldt-Jakob disease, UPR signaling is not detected in a transgenic mouse model of the prion disease (Quaglio et al., 2011) .
However, ER swelling is detected upon expression of mutated prion protein (PrP) in cultured neurons, indicating that the functions and/or homeostasis of the ER are altered in these cells (Dossena et al., 2008) . Additionally, the PrP concentration decreases by pharmacological stimulation of ER stress in neuronal cells expressing mutant PrP, probably because of activating the UPR as a protective response (Kang et al., 2006; Nunziante et al., 2011) . PrP replication leads to prolonged attenuation of protein translation, followed by the failure of synaptic functions (Moreno et al., 2012) . Thus, suppression of eIF2α dephosphorylation by salubrinal may provide different outcomes from the case of ALS by accelerating PrP-induced neurodegeneration. Further investigations are necessary to define the association between the UPR signaling pathways induced by ER dysfunctions and prion diseases.
Concluding remarks
Understanding the diversity of signals regulated by ER functions is essential for our understanding of long-range signaling in neurons. It is important for our comprehension of cellular homeostasis because the extended neuronal ER all over the cytoplasm has the ability to coordinate with various biological functions including protein synthesis and modification, Ca 2+ maintenance and lipogenesis. Because neurons are filled with an M A N U S C R I P T
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intricately branched and elongated ER network, the importance of ER functions is intensified to investigate neuronal development, maintenance, survival and repair.
Although we did not deeply discuss it in this review, researches focused on local protein synthesis and its sorting controlled by ER-derived signaling including the UPR may serve novel view for elucidating the regulation of the critical events in the distant location of neurites. These types of approaches may provide insight into new therapeutic targets for multiple neurodegenerative diseases associated with ER malfunctions and disturbance of UPR signaling pathways. Understanding and application of a broad spectrum of UPR signaling may assist with deciphering the mechanisms for regulating complicated neuronal activities, and achieve a breakthrough in therapeutic strategies for neurodegenerative diseases.
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